HIV-1 protease inhibitors (PIs) exhibit different protein binding affinities and achieve variable plasma and tissue concentrations. Degree of plasma protein binding may impact central nervous system penetration. This cross-sectional study assessed cerebrospinal fluid (CSF) unbound PI concentrations, HIV-1 RNA, and neopterin levels in subjects receiving either ritonavir-boosted darunavir (DRV), 95% plasma protein bound, or atazanavir (ATV), 86% bound. Unbound PI trough concentrations were measured using rapid equilibrium dialysis and liquid chromatography/ tandem mass spectrometry. Plasma and CSF HIV-1 RNA and neopterin were measured by Ampliprep/COBAS® Taqman® 2.0 assay (Roche) and enzyme-linked immunosorbent assay (ALPCO), respectively. CSF/plasma unbound drug concentration ratio was higher for ATV, 0.09 [95% confidence interval (CI) 0.06-0.12] than DRV, 0.04 (95%CI 0.03-0.06). Unbound CSF
concentrations were lower than protein adjusted wild-type inhibitory concentration-50 (IC 50 ) in all ATV and 1 DRV-treated subjects (P < 0.001). CSF HIV-1 RNA was detected in 2/15 ATV and 4/15 DRV subjects (P = 0.65). CSF neopterin levels were low and similar between arms. ATV relative to DRV had higher CSF/plasma unbound drug ratio. Low CSF HIV-1 RNA and neopterin suggest that both regimens resulted in CSF virologic suppression and controlled inflammation.
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HIV/AIDS; central nervous system; clinical pharmacology Despite highly active antiretroviral therapy (HAART), human immunodeficiency virus-1 (HIV-1) continues to elude eradication. Even in the setting of plasma virologic suppression, HIV-1 RNA can be found in peripheral blood mononuclear cells (PBMCs), genital secretions, gastrointestinal lymphoid tissue, and cerebrospinal fluid (CSF). 1, 2 Limited penetration of antiretrovirals (ARVs) into these sites may play a role in viral persistence. 2, 3 HIV-1 invades the central nervous system (CNS) early after infection via macrophages, monocytes, and dendritic cells. 4 Over time, HIV-associated neurocognitive disorders (HAND) can develop, 5 contributing significantly to morbidity 6 and early mortality. 7 While severity of HAND has decreased, prevalence remains unchanged since the pre-HAART era: 36.2-44.8%, 6 prompting a concern for suboptimal CNS control of HIV. This is supported by reports of elevated neopterin, an inflammatory biomarker, and measurable HIV RNA in the CSF of patients on long term HAART, 8, 9 both predictive markers for development of HIVassociated dementia. 10, 11 Some studies suggest that limited CNS penetration by ARVs is associated with HAND. 12, 13 Molecular size, lipophilicity, affinity for efflux pump transporters, and degree of plasma protein binding are factors that impact drug CNS penetration. 14 Lipophilic drugs, including HIV protease inhibitors (PIs), are highly bound to plasma protein, predominantly alpha 1acid glycoprotein (AAG). The plasma unbound (free) drug component is considered pharmacologically active and readily crosses the blood-brain and blood-CSF barriers 15, 16 therefore highly bound drugs such as PIs may have limited CNS penetration. Two PIs, atazanavir (ATV) and darunavir (DRV), are recommended by the Department of Health and Human Services (DHHS) as part of first-line once daily regimens for ARV-naïve patients when boosted with ritonavir (RTV) and given with a backbone of tenofovir disoproxil fumarate/emtricitabine (TDF/FTC). 17 Both PIs have characteristics that could impede tissue and CNS penetration, including large molecular size and affinity for efflux pump transporters. However, they differ in their affinity for plasma AAG: ATV is 86% plasma protein bound in vitro whereas DRV is 95% bound. 18, 19 The degree to which they successfully penetrate the CNS remains unclear. Best et al showed low or undetectable CSF ATV levels in nearly 25% of study participants. 20 but measured only total drug concentrations with a lower quantitation limit of 5 ng/mL. In contrast, 3 prior studies have shown that DRV can attain drug concentrations in the CSF exceeding IC 50 [21] [22] [23] ; however, patients without history of DRV resistance. 17 Additionally, measuring random total drug concentrations rather than troughs limited all previous studies.
To address these limitations, we evaluated the CSF penetration of once daily DRV relative to ATV, both boosted with RTV and administered with the same background TDF/FTC regimen. We hypothesized that ATV, a PI with lower degree of plasma protein binding, would achieve a higher CSF/plasma unbound drug concentration ratio than DRV. In addition, we compared unbound CSF PI concentrations to their drug-specific IC 50 and assessed relationships with CSF HIV-1 RNA and neopterin.
Methods

Study Design
A cross-sectional study of HIV-1-infected patients was conducted at the Grady Health System Infectious Diseases Program in Atlanta, Georgia from May 2012 through December 2012. The Emory University Institutional Review Board (IRB) and Grady Research Oversight Committee approved this study. Written informed consent was obtained from all study participants.
Eligibility Criteria
HIV-1 infected adults (≥18 years) receiving a regimen of once daily TDF/FTC (300/200 mg) plus RTV (100 mg)-boosted ATV (300 mg) or DRV (800 mg) were eligible to participate if they had documented virologic suppression (plasma HIV-1 RNA below the assay limit of detection) for ≥6 consecutive months leading up to the study (with ≥1 undetectable plasma viral load in the previous 90 days). Exclusion criteria included pregnancy, abnormal liver function testing (aspartate aminotransferase, alanine aminotransferase, or alkaline phosphatase >5 times upper limit of normal), creatinine clearance below 50 mL/min (Cockcroft-Gault equation), coagulopathy (International Standardized Ratio >1.4 or prothrombin time >14 seconds), recent neurologic abnormalities or CNS infections (≤6 months prior), or currently taking medications with known PI interactions. Subjects meeting these criteria were identified through clinic and pharmacy records.
Timing and Collection of Specimens
Participants' demographic characteristics, HIV clinical history, concurrent medications, and comorbidities were collected by review of both electronic medical records and patient paper charts. Study visits were scheduled 24 hours from time of last patient-reported ARV dose (approximate plasma trough time) for paired plasma and CSF collection. Blood was collected from brachial venipuncture into 10 mL cell preparation tubes (CPT) with sodium citrate and spun at 2300 rpm for 20 minutes. The plasma fraction was collected and centrifuged again at 2300 rpm for 10 minutes to eliminate erythrocytes. CSF was collected via lumbar puncture using sterile technique. Plasma and CSF 1 mL aliquots were stored at −80°Celsius until analysis.
Plasma and CSF Drug Concentration Measurements
Unbound (free) PI values were achieved using rapid equilibrium dialysis (RED) to obtain unbound fractions 24 and liquid chromatography/tandem mass spectrometry (LC-MS/MS) for quantitation (AB Sciex 6500 triple quadrupole mass spectrometer Foster City, CA, USA and Eksigent Micro HPLC, Dublin, CA, USA), as previously described. 25 Plasma and CSF samples were dialyzed into phosphate buffered saline at 37°C with shaking for 5 hours in RED chambers (Thermo Scientific Pierce, Rockford, IL, USA). After incubation, aliquots of the resultant dialysates were spiked with internal standards: DRV for the ATV participants and ATV for the DRV samples. Drug concentrations were then quantified via LC-MS/MS by positive ion multiple reaction monitoring (MRM) as outlined in Supplemental Table S1 , with a detectable range of 0.1-1000 ng/mL. Drugs were separated with a Halo C18 column (50 × 0.5 mm 2 , 2.7 μm particles) using a linear gradient from 50% to 99% acetonitrile with 0.1% formic acid over a 5 minute acquisition time (Supplemental Figure S1 ).
Plasma and CSF HIV-1 RNA Quantitation
Plasma and CSF HIV-1 RNA were measured using the COBAS® Ampliprep/COBAS® Taqman® version 2.0 HIV-1 assay (Roche Molecular Systems, Inc., Pleasanton, CA) 26 which detects 20-10,000,000 copies/mL in plasma, with a sensitivity of 98.3% and specificity of 99.4%. Commercial reverse transcriptase PCR assays have been shown to successfully quantitate HIV-1 RNA in other biological compartments, including CSF. 27 Because dilution of samples was performed to achieve proper volume necessary for HIV-1 RNA quantification, the lower limit of detection for CSF and plasma samples in this study was 40 copies/mL.
Plasma and CSF Neopterin Quantitation
Neopterin, a biomarker for CNS immune activation, is primarily released from monocytes and macrophages 9 Plasma and CSF neopterin levels were determined using the enzyme immunoassay from ALPCO (Salem, NH, USA). All procedures were performed according to manufacturer's specifications. The quantitative range was 2.00-250.00 nM with intraassay percent coefficients of variation of 2.13% at 7.98 nM and 10.02% at 83.97 nM. The inter-assay percent coefficients of variation were 5.80% at 8.29 nM and 3.79% at 80.55 nM.
Inhibitory Concentration-50 (IC 50 ) Determination
The mean protein-unbound wild-type IC 50 used for ATV and DRV was 1.7 and 0.4 ng/mL, respectively. This was previously derived from standardized in vitro phenotypic drug susceptibility measurements of wild-type clinical isolates tested between 2009 and 2010, compiled in the Monogram Biosciences database. 28 The isolates were defined as wild type if previously described 29 drug-selected mutations in protease and reverse transcriptase were not detected.
Sample Size Calculation
The primary outcome of interest was unbound CSF/plasma drug trough concentration ratios for ATV and DRV. As preliminary data on unbound CSF trough concentrations were unavailable, the study was powered to estimate the correlation coefficient between free drug CSF and plasma concentration separately for each group. A sample size of 15 participants for each arm achieves 88% statistical power to detect a difference of 0.70 between the null hypothesis correlation of 0 and the alternative hypothesis correlation of 0.70 using a twosided hypothesis test with a statistical significance level of 0.05.
Statistical Analyses
Demographic and clinical characteristics were summarized by descriptive statistics. Differences between ATV and DRV arms were examined by Chi-square or Fisher's exact test for categorical variables or Wilcoxon rank sum test for continuous variables.
Plasma and CSF unbound drug concentrations were log transformed, and geometric means and 95% confidence intervals (CI) were reported for each PI in ng/mL. Geometric mean ratios for the CSF/plasma unbound drug concentrations were calculated and compared for ATV and DRV. If 95% confidence intervals of geometric means or geometric mean ratios did not overlap between arms, this was considered a statistically significant difference.
To assess the relationship between CSF unbound drug concentration and detection of CSF HIV-1 RNA, a point biserial correlation test was performed for the ATV and DRV arms. Additionally, Spearman rank correlation coefficients were used to separately evaluate associations between CSF unbound PI concentrations, plasma unbound PI concentrations, and CSF neopterin levels. A Chi-square test was performed to compare the proportions of participants in each arm achieving CSF unbound PI concentrations that exceeded the drugspecific IC 50.
All analyses were performed using SAS® 9.3 (SAS Institute, Cary, NC, USA) software, with an alpha level of 0.05.
Results
Demographic and Clinical Characteristics
Three hundred thirty-six patients were identified as receiving ATV-based regimens; 300 did not meet eligibility criteria, 21 declined to participate, and 15 were enrolled. Two hundred sixty-five individuals were receiving DRV-based regimens: 242 did not meet eligibility criteria, 8 declined, and 15 enrolled. Most common reason for exclusion was having detectable plasma HIV-1 RNA within the last 6 months. 7%) were black, and median age was 46.9 years (interquartile range, IQR, 37.9-51.9). There were 5 females in the ATV group compared to 2 in the DRV group, however, this difference was not statistically significant, p = 0.4. Other characteristics, including age, racial composition, most recent CD4 count, and duration of undetectable plasma HIV-1 RNA, were similar between arms.
Blood and CSF specimens were collected a median of 35 minutes apart (IQR 30-45 minutes; Supplement Table S1 ).
There were 2 participants in the ATV arm and 1 participant in the DRV arm with nearly undetectable total plasma drug concentrations (<50 ng/mL), consistent with medication nonadherence, therefore these subjects were removed from drug trough concentration analyses. All other participants had total and unbound CSF and plasma PI concentrations above the assay's limit of quantitation. For ATV (n = 13), mean total plasma and CSF concen trations were 295. 8 Table 2 ). Plasma and CSF unbound drug concentrations were positively correlated for both ATV and DRV: Spearman rank correlation coefficient r = 0.77, p < 0.01 and r = 0.72, p < 0.01, respectively (Figure 1 )..
Unbound CSF/plasma geometric mean ratio was higher for ATV compared to DRV, 0.09 (95%CI 0.06-0.12) and 0.04 (95%CI 0.03-0.06), respectively ( Table 2) . Despite a higher CSF/plasma concentration ratio for ATV, no participant in the ATV arm achieved unbound CSF ATV levels that exceeded the wild-type IC 50 compared to 14/15 participants (93.3%) in the DRV arm, p < 0.001. In fact, the mean ATV CSF concentration/IC 50 ratio was 0.4 (standard error 0.1) whereas mean DRV CSF concentration/IC 50 ratio was 8.0 (standard error 2.1), Figure 2 .
Plasma Protein Binding
Proteins, including AAG and albumin, were not directly quantified in either plasma or CSF. Proportion of drug bound to protein in plasma was calculated indirectly from the unbound fraction. Interestingly, proportion of protein-bound drug for ATV was a median (IQR) of 97.7% (96.7-98.2%) in plasma, higher than the 86% reported in the literature. 18 In contrast, median (IQR) proportion of DRV bound to protein in plasma was 96.5% (96.5-97.9%), close to the previously reported literature value. 19 Of the 30 study participants, 6 (20%) had detectable CSF HIV-1 RNA (≥40 copies/mL): 2 in the ATV arm and 4 in the DRV arm (p = 0.7). Of the subjects with detectable CSF HIV RNA, those in the ATV arm had viral loads of 120 and 320 copies/mL whereas the DRV participants had lower viral load copies, ranging from 40 to 60 copies/mL. The 2 participants with detectable CSF HIV-1 RNA in the ATV arm also had detectable plasma HIV-1 RNA whereas only 1 of 4 subjects with detectable plasma CSF HIV-1 RNA in the DRV arm had detectable plasma HIV-1 RNA. Point biserial Pearson correlation tests showed no association between detection of CSF HIV-1 RNA and PI unbound CSF concentrations for ATV (r = 0.26, p = 0.3) and weak association for DRV (r = 0.54, p = 0.04).
Plasma and CSF Neopterin
Mean plasma neopterin was comparable between the ATV and DRV arms (2.0, SD 0.9 ng/mL and 1.7, SD 0.4 ng/mL), p = 0.3 ( Table 3 ). CSF neopterin levels were also very similar between the ATV and DRV arms, 1.8 ng/mL (SD 0.7) and 1.7 ng/mL (SD 0.4), respectively. No association was seen between unbound CSF PI concentrations and CSF neopterin for either arm (Spearman rank correlation, ATV, r = 0.13, p = 0.6 and DRV, r = 0.29, p = 0.3).
Discussion
Both total (bound + unbound) and unbound CSF and plasma drug trough concentrations of ATV and DRV were determined in a group of HIV-1 infected adults receiving identical doses of TDF/FTC and RTV boosting. In contrast, prior literature has predominantly reported only random total PI concentrations in populations receiving different backbone ARVs, causing difficulty with interpretation of results.
While the mean total plasma trough concentration for ATV in this study was lower than previously reported, 30 inter-patient variability of plasma ATV trough levels is known to be high. 31 Our total ATV CSF concentrations were low and similar to previous findings by Best et al. 20 With regard to unbound ATV plasma concentrations, one prior study found a wide range of random levels: 8.1-291.7 ng/mL 32 ; our findings show a mean closer to the lower end of that range, which is likely representative of samples drawn at plasma trough times. Unbound ATV CSF trough concentrations have not been previously reported in the literature to our knowledge but were found to be well below the wild-type IC 50 of 1.7 ng/mL, even after removing two participants with suspected medication nonadherence. Total plasma and CSF DRV trough concentrations in this study were consistent with prior reports in the literature for once daily DRV dosing. 21 However, both mean unbound plasma and CSF DRV levels measured were considerably lower than data reported by Croteau et al: the median unbound DRV concentration in Croteau's study was 538 ng/mL for plasma (IQR 369-968) and 50.2 ng/mL (IQR 35.0-72.6) for CSF. 22 This is most likely explained by the difference in DRV dosing and post-dose sampling times between the two studies: all participants in the Croteau study were receiving DRV 600 mg twice daily compared to 800 mg daily dosing in our study. Furthermore, both CSF and plasma in the DRV arm of this study were sampled 24 hours (±1 hour) post-ARV dose compared to median of 6.7 hours (IQR 3.4-12.4) for plasma and 7.2 hours (IQR 3.8-12.9) for CSF in the Croteau study. 22 As reported in prior studies for twice daily DRV, our results show that participants receiving once daily dosing also attain unbound CSF DRV concentrations that exceed the wild-type IC 50 .
For both PIs, unbound CSF concentrations were positively correlated to unbound plasma drug concentrations, consistent with prior findings in the literature 20, 22 ; this suggests that unbound plasma drug concentrations could be a useful and less invasive tool to predict CSF drug concentrations.
Proportion of ATV bound to plasma protein (97%) was higher than previously reported from in vitro studies (86%). There are several possible explanations for this finding. To begin, our study was cross-sectional and degree of plasma protein binding was calculated only at trough times, which may not accurately represent in vivo binding throughout the entire dosing interval. Boffito et al showed that lopinavir (LPV) protein binding in vivo changed significantly over the course of the 12 hour dosing interval: the unbound percentage of LPV was found to be statistically significantly higher after 2 hours than baseline (time 0 or trough). 33 Therefore, concentration-dependent protein binding could explain our findings for ATV. Additionally, elevated AAG in the ATV arm may have played a role, as a prior study examining AAG concentrations in patients taking ATV showed considerable inter-patient variability. 34 Elevated AAG decreased the apparent clearance of ATV in that study, suggesting that this could decrease the protein-unbound ATV fraction. To explore this in greater detail, longitudinal studies evaluating relationships between degree of plasma protein binding, AAG concentrations, and CSF unbound concentrations measured at multiple time points over full dosing intervals are necessary.
Our findings show that the unbound CSF/plasma drug trough concentration ratio was higher in patients receiving a regimen of once daily ATV than once daily DRV. However, given that participants on the ATV regimen attained much lower absolute CSF and plasma concentrations relative to IC 50 than those on DRV, it is unlikely that the difference in CSF/ plasma ratios indicates superior clinical effect but rather calls attention to the need for further exploration of plasma protein binding as a factor predicting relative penetration of a drug's unbound fraction into the CSF.
While unbound CSF ATV concentrations were lower than DRV concentrations relative to drug-specific IC 50 in our study, detectable CSF viremia was uncommon in both arms. There are several possible explanations for this discrepancy. To start, the other backbone ARVs (TDF and FTC) may be partly responsible for viral control, compensating for ATV's low CSF levels. For example, FTC is measurable in the CSF and has several drug characteristics, including low molecular weight and low degree of plasma protein binding, that may facilitate blood-brain barrier and brain-CSF penetration. 35 Also, CSF drug concentrations may not accurately represent brain parenchyma penetration, since drugs may not distribute homogenously over the brain due to metabolism, active transport mechanisms, and local changes in blood-brain barrier functionality secondary to HIV infection. 36 Because detectable CSF HIV-1 RNA was such a rare finding, studies with larger sample sizes would be necessary to determine whether a true difference in frequency or severity of CSF HIV viremia exists between patients receiving ATV or DRV-based HAART.
No correlation was seen between CSF PI unbound concentrations and CSF neopterin in this study, consistent with findings from Hagberg et al. 9 However, Hagberg et al reported mean CSF neopterin levels of 2.7 ng/mL (SD 2.6) for virologically suppressed HIV infected patients on HAART, slightly higher than our findings in both study arms. Regardless, our median CSF neopterin levels for both DRV and ATV-treated participants were still higher than what Hagberg et al previously described for HIV seronegative controls (mean 1.3 ng/mL, SD 0.6), indicating some persistent immune activation despite long-term therapy. It remains unclear whether this inflammation is driven by continued HIV replication in the CNS compartment or by chronic indolent injury. 37 Limitations of this study include its small sample size and cross-sectional study design, which may result in unmeasured differences between the ATV and DRV groups. In addition, timing of last ARV dose and adherence to medications was subject to recall bias, as it was primarily determined by patient report. Although 14/30 study participants (10/15 in ATV arm and 4/15 in DRV arm) had detectable plasma HIV-1 RNA at their study visit despite having recent documented undetectable viral loads at clinic appointments, no correlation was seen between unbound drug plasma concentrations and plasma HIV-1 RNA. Because plasma HIV-1 RNA was measured in clinical specimens using Abbott RealTime HIV-1 Assay (Abbott RT) and in research specimens using Roche Diagnostics COBAS® Ampliprep/COBAS® Taqman® version 2.0 HIV-1 assay (Roche CAP/CTM-48 V2), varying sensitivity and specificity among these HIV assays is a more likely explanation for detectable plasma viremia than ARV non-adherence. Van Hensburg et al showed that the Abbott RT assay underestimated HIV viral loads by 0.26-0.30 log 10 copies/mL while the Roche CAP/CTM-48 V2 overestimated by 0.17-0.31 log 10 copies/mL. 38 Finally, CSF measurements of drug concentrations were used as a proxy for the CNS and may not accurately represent penetration into the brain parenchyma; invasive techniques such as intracerebral micro-dialysis may give us a better picture of drug pharmacokinetics in the brain tissue 36 but cannot be considered an ethical alternative in clinically stable patients.
In conclusion, results of this study prompt further investigation of plasma protein binding as a factor that could predict the degree to which PIs penetrate CSF from plasma, a potentially valuable tool in the development of future CNS drug therapeutics. In addition, prior studies have shown that plasma protein binding impacts drug accumulation in intracellular (PBMC), 39 rectal, and seminal tissue, 40 suggesting that this factor may be useful in the development of predictive models for compartmental drug penetration and the creation of novel pharmaceutical agents targeting elusive sites. Mean cerebrospinal fluid (CSF) unbound trough concentration, standardized for each drug's wild-type protein-unbound IC 50 (ATV = 1.7 ng/mL and DRV = 0.4 ng/mL) between ATV (n = 13) and DRV (n = 14). Mean unbound ATV CSF concentration was less than half of the IC 50 -ATV CSF concentration/IC 50 ratio was 0.4 (standard error 0.1). In contrast, mean DRV CSF concentration was 8 times greater than IC 50 -mean DRV CSF concentration/IC 50 ratio was 8.0 (standard error 2.1). * Participants with total plasma drug concentrations <50 ng/mL were excluded from analyses due to medication nonadherence, resulting in n = 13
for ATV and n = 14 for DRV.
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